Abstract
Introduction
The genus Salinivibrio, which was proposed by Mellado et al. [1] , with only a single species, Salinivibrio costicola, before classified as Vibrio costicola, has been included in the family Vibrionaceae [2] . The tolerance for a broad range of salinity and the halophilic features of the genus Salinivibrio allow inhabiting any natural saline habitat. And Salinivibrio are the predominant organisms in saltern pond water. In fact, S. costicola was widely used as the representative model of moderately halophilic bacteria by researchers for studying the physiological features and osmoregulatory mechanisms in past many years [3, 4] .
To cope with the osmotic stress imposed by external high salinity, halophilic bacteria can synthesize compatible solutes as a strategy of osmoadaptation [5] . Compatible solutes are use ful in biotechnological applications, since they have the potent ability of protection on enzymes and whole cells against various types of stresses such as salt, heating, freezing, and desiccation [6] . Ectoine, glycine betaine, and glutamate as compatible solutes had been determined in the genus Salinivibrio [7] . The pathway of ectoine synthesis in halophilic bacteria has been well characterized, as follows: L-aspartate-β-semialdehyde is converted to α, γ-diaminobutyrate by the protein encoded by the ectA gene. Then it was transformed to Nγ-acetyldiaminobutyrate by the product of the ectB gene. By ectoine synthase, the protein product of the ectC gene, ectoine was synthesized [8, 9] .
Transposons have become the indispensable tools for bacterial genetics since discovered in maize more than fifty years ago. We used the transposon Tn1732, which is a derivative of the transposon Tn1721, to create salt sensitive mutants of Salinivibrio sp. DL6, a moderately halophilic strain, which is able to synthesize ectoine, glycine betaine, and glutamate as compatible solutes. The aim of this study was to characterize a mutant which defects in the ectoine synthesis, and clarify the role of compatible solutes for Salinivibrio sp. DL6 surviving in high salinity environments.
Materials and methods

Bacterial strains, transposon and medium.
Escherichia coli SM10 containing the suicide vector Psup102-Gem::Tn1732 was the conjugal transposon donor [10] , which mediates a Km resistance (Km r ). Salinivibrio sp. DL6 was isolated from the sediment of saltern of Dalian, China. The spontaneously occurring streptomycin-resistant mutants of the Salinivibrio sp. DL6 were isolated as a recipient strain, which can resist streptomycin high levelly (> 800 µg・ml -1 
Transposon mutagenesis
E. coli SM10 (donor) incubated in nutrient medium containing Km overnight at 37℃. Recipient (Salinivibrio sp. DL6) culture was harvested after overnight incubation in nutrient medium containing Sm. Donor and recipient cells were centrifuged at 10,000×g for 5 min at 4℃ and then washed twice with fresh nutrient medium to eliminate the remained antibiotics. The pellets were mixed at a ratio of 1: 4 (donor: recipient), dilute to appropriate concentration, pipetted onto nitrocellulose membrane (0.45 µm, Millipore USA) laid over a plate of nutrient agar medium. Plate was incubated at 30 ℃ for 24h, and after filter mating the nitrocellulose membrane was transferred to a tube and cells were suspended in the medium by vortexing. To select transconjugants, 100 µl of an appropriately diluted solution was spread onto the nutrient agar plates containing Km and Sm. After 3 days' incubation, transconjugants were picked onto master plates of the same medium. Transconjugation frequency was determined as the ratio of recipient cells expressing Km r of the transposon to the total number of Salinivibrio sp. DL6 numbers.
Selections of mutants and identification of compatible solutes
Salt-sensitive mutants were selected by transferring the transconjugants onto MM63 medium with 0.5 M, 1.5 M, and 2 M NaCl and grew at 30℃ for 3-5 days. Salt-sensitive mutants that failed to grow in 1.5 and 2M NaCl-containing MM63 medium were transferred onto 1.5 M MM63 medium with 2 mM betaine to identify organisms with probable defects in the compatible solutes synthesis.
Extraction of intracellular compatible solutes was carried out as described previously with a slight modification [11, 12] . Strains were grown in 50 ml of 2) containing isotonic NaCl concentrations with the growth medium. Pellets were resuspended in the same volume of 80 % (v/v) ethanol and allowed to stand for 12 h to extract the intracellular solutes and centrifuged. Supernatant fraction was dried and resuspended in 0.5 ml D 2 O. NMR spectra were recorded on a JEOL JNM-AL300 (JEOL Ltd., Tokyo, Japan) with a probe temperature of 20-22℃ as described elsewhere [13] . Intracellular ectoine amounts of strain Salinivibrio sp. DL6 was determined by high-performance liquid chromatography (HPLC) as described by Nagata et al. [14] . 
Results and discussion
Compatible solutes of Salinivibrio sp. DL6 analyzed by 1 H-NMR
Salinivibrio sp. DL6 has a broad range in the nutrient medium being able to grow from 0.5-20 % NaCl. The type strain of Salinivibrio costicola has been shown to synthesize ectoine, glycine betaine, and glutamate as compatible solutes [7, 15] . To detect the compatible solutes in Salinivibrio sp. DL6, the cells were harvested and resuspended in 80 % ethanol for extracting the intracellular solutes.
1 H-NMR was used to analyze compatible solutes, representative 1 H-NMR spectrum of cell extracts from this bacterium is shown in Fig. 1 . The signals corresponding to the hydrogen atoms of solutes were found to be the same as those of ectoine, glycine betaine, and glutamate compared with the standard samples (data not shown).
Ida et al. [7] reported that Salinivibrio costicola subsp alcaliphilus mainly accumulate glycine betaine as compatible solutes, ectoine and glutamate only present in a trace amount. But in strain Salinivibrio costicola subsp. costicola, ectoine and glycine betaine both are mainly compatible solutes [15] . Our result also showed glycine betaine and ectoine were the main compatible solutes in Salinivibrio sp. DL6, ectoine (per liter liquid medium) incubated in nutrient medium containing 2 M NaCl for 24h at 30℃.Glutamate presence at a trace amount also had been detected. These data suggest that ectoine and glycine betaine were mainly accumulated by strain Salinivibrio sp. DL6 to cope with the high osmotic stress.
Isolation of salt sensitive mutants
Transconjugants of Salinivibrio sp. DL6 expressing the Kmr gene located on Tn1732 were calculated at frequencies 2.6 × 10 -7 . One of salt sensitive mutants was obtained from more than 5000 colonies of transconjugants, termed MU1, which was unable to grow on MM63 medium with 1.5 M NaCl, but still able to grow on MM63 medium in the presence of 0.5 M NaCl, as shown in Table 1 . Strain MU1 was able to grow on MM63 medium containing 1.5 M NaCl plus 2 mM betaine. This result indicates that strain MU1 is possible defect in the synthesis of compatible solutes. The phenotype of the salt sensitive mutants MU1 was characteristic in liquid medium. Compared with wild type strain, strain MU1 grows more slowly, the lag phase and exponential phase were prolonged (Fig.  2) . Ectoine and glycine betaine could stimulate the growth of bacteria, such as E. coli [16] . Therefore, the effect of ectoine and glycine betaine to the salt sensitive mutant MU1 is interesting. The decreased growth rate of MU1 indicated that the defective of synthesis of compatible solutes will decrease the growth rate of strain MU1.
To detect what kind of compatible solutes were defected to synthesize in strain MU1, we identified the organic solutes that were accumulated by strain MU1 grown in MM63 medium containing 1 M NaCl. Signals observed in NMR spectra were compared with previously reported for chemical shifts values [17] . Fig. 3 shows that the ectoine synthesis was defective in strain MU1, and thus the ectoine precursor, Nγ-acetyldiaminobutyrate (NADA), was detected, which indicates that the mutant MU1 blocked in the conversion of NADA to ectoine. Therefore, we speculate that the ectC have possibly inactivated in strain MU1, which is the structural gene of ectoine synthase. Even ectoine synthesis was defected, strain MU1 still can grow in medium containing 1 M NaCl, due to the accumulation of glycine betaine. These results suggest that the accumulation of both glycine betaine and ectoine are important to cope with high osmotic stress, but ectoine was necessary to make Salinivibrio sp. DL6 grow in higher salinity environments (1.5 -3 M NaCl), which indicates that ectoine was the main compatible solutes in this halophilic strain.
To our knowledge, this is first time to develop a transposon mutagenesis technique for use in genus Salinivibrio which is interesting as the moderately halophilic organism to study osmoregulatory and other physiological mechanisms. To develop this mutagenesis technique for genetic research on the compatible solutes synthesis in this halophilic genus should be helpful.
